Control of Dopamine Release in the Retina: a Transgenic Approach to Neural Networks  by Gustincich, Stefano et al.
Neuron, Vol. 18, 723±736, May, 1997, Copyright 1997 by Cell Press
Control of Dopamine Release in the Retina:
a Transgenic Approach to Neural Networks
Stefano Gustincich, Andreas Feigenspan, transmitters and their agonists and antagonists (Djam-
goz and Wagner, 1992). This evidence is indirect, be-Doris K. Wu,* Laura J. Koopman, and Elio Raviola
Department of Neurobiology cause the pathway responsible for DA release consists
of multiple neurons, and dopaminergic amacrine cellsHarvard Medical School
Boston, Massachusetts 02115 (DA cells) receive multiple inputs. Direct evidence can
only be obtained by recording from DA cells: unfortu-
nately, the techniques available to label them in the living
state are inadequate.
Summary In this paper, we labeled DA cells with human placen-
tal alkaline phosphatase (PLAP), first used for lineage
Dopaminergic, interplexiform amacrines (DA cells) analysis in the retina by Fields-Berry et al. (1992). To
were labeled in transgenic mice with human placental this purpose we linked its cDNA (Kam et al., 1985) to a
alkaline phosphatase, an enzyme that resides on the promoter sequence of the gene for tyrosine hydroxylase
outer surface of the cell membrane. It was therefore (TH; Banerjee et al., 1992), the rate-limiting enzyme for
possible to investigate their activity in vitro after disso- DA biosynthesis. This construct was introduced into the
ciation of theretina with whole-cell current and voltage mouse genome, and a line of transgenic animals was
clamp, as well as their connections in the intact retina obtained in which PLAP was expressed on the outer
with theelectron microscope. DA cells generateaction surface of the cell membrane of retinal DA cells. PLAP-
potentials even in the absence of synaptic inputs. This labeled DA cells were studied with light and electron
activity is abolished by the amacrine cell transmitters microscopes and patch-clamped after dissociation of
GABA and glycine, which induce an inward current the retina by enzymatic digestion and mechanical tritu-
carried by chloride ions, and is stimulated by kainate, ration. Their physiological properties could thus be cor-
an agonist at the receptor for the bipolar cell transmit- related with their synaptic connections.
ter glutamate, which opens nonselective cation chan-
nels. Since DA cells are postsynaptic to amacrine and Results
bipolar cells, we suggest that the spontaneous dis-
charge of DA cells is inhibited in the dark by GABAergic Transgenic Mice
amacrines that receive their input from off-bipolars. A DNA fragment containing the rat promoter of the TH
Upon illumination, the GABA-inhibition is removed, DA gene and PLAP cDNA was injected into the male pronu-
cells generate action potentials, and their firing is modu- cleus of fertilized mouse oocytes. Nine animals were
lated by the excitation received from on-bipolars. obtained that carried the transgene. Of these, only one
animal gave rise to offspring in which PLAP was ex-
pressed in retinal DA cells (see below). Furthermore, inIntroduction
this mouse line, PLAP was expressed in areas of the
brain that are known tocontain TH, including the glomer-When the vertebrate retina is stimulated by light, a class
ular layer of the olfactory bulb and the mesencephalicof neurons, either amacrine or interplexiform cells, re-
substantia nigra.The transgene was expressed insimilarleases dopamine (DA), a catecholamine modulator re-
amounts in bothyoung and old animals. In heterozygoussponsible for many of the events that lead to neural
mice, the transgene was present as z50 copies in aadaptation to light (Witkovsky and Dearry, 1991; Djam-
single chromosomal insertion site.goz and Wagner, 1992). DA induces contraction of cones
and movement of melanin granules in pigment epithelial
Morphology of Catecholaminergic Amacrine Cellscells (Dearry and Burnside, 1986, 1989); it decreases the
In the retina, two classes of amacrine cells were stainedconductance of the gap junctions between horizontal
by the indolyl phosphate method for PLAP (Figure 1A).cells (Piccolino et al., 1984; Lasater and Dowling, 1985;
The purple-blue reaction product was localized at theDeVries and Schwartz, 1989); it potentiates the activity
surface of the neurons and outlined dendritic trees inof ionotropic glutamate receptors in horizontal (Knapp
their entirety. Examination of PLAP-positive neurons inand Dowling, 1987) and bipolar cells (Maguire and Wer-
the brain showed that the enzymatic activity also ex-blin, 1994); and it modifies the center-surround balance
tended along the length of unmyelinated and myelinatedof ganglion cell receptive fields (Daw et al., 1990).
axons and stained axonal arborizations at a great dis-In contrast to the wealth of information available on
tance from the cell body (not illustrated). After a 3 hrthe pharmacological effects of DA, little is known about
incubation in the reaction mixture, no obvious differencethe mechanisms that control its release in the dark and
in staining intensity was observed between retinas oflight. All studies are based on measuring the amount of
heterozygous and homozygous animals; but, withDA synthesized or released by the intact retina in differ-
shorter incubation times (1 hr), neuronal plexuses ofent physiological conditions or after administration of
homozygous animals were stained more darkly, sug-
gesting that both copies of the transgene were ex-
pressed.*Present address: NIDCD, Laboratory of Cell Biology, Rockville,
Maryland 20850. In sections of the retina, one class of PLAP-positive
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amacrine cells was characterized by a large, spherical a right angle, forming a plexus, 3±5 mm in thickness,
which was situated in the S3 stratum (40±50% level). Inperikaryon that measured 14.7 6 2.0 mm (sd, n 5 50)
and was situated in the vitreal tier of cells of the inner shape and localization of its dendritic tree, this neuron
resembled the type 2 or small catecholaminergic ama-nuclear layer (INL). From the cell body, stout dendrites
descended into the most scleral stratum of the inner crines described in other mammalian species (Nguyen-
Legros, 1988; Mariani and HokocË , 1988; type 3 in theplexiform layer (IPL), where they formed a dense plexus,
3±6 mm in thickness (S1 stratum or 0±9% level, where rabbit, according to Tauchi et al., 1990).
When the mouse retina was stained with antibody tothe INL±IPL border is 0%, and the IPL±ganglion cell layer
border is 100%). Ascending processes were seen to TH, only DA cells were intensely immunoreactive; type
2 cells were negative (Figure 1D), in agreement with aoriginate from the cell body as well as from the dendritic
plexus in the IPL; they reached the outer plexiform layer previous report that identified a single type of TH-like
immunoreactive amacrines in the mouse (Versaux-Bot-(OPL), where they most commonly ended with a small
swelling. Occasionally, they bent at a right angle and teri et al., 1984). Incubationwith antibody to TH, followed
by the histochemical technique for alkaline phospha-ran a long, tangential course, just beyond the distal tier
of cell bodies of the INL, where they formed a very loose tase, showed that the very same cells that exhibited TH-
like immunoreactivity were also stained by the methodplexus (Figure 1C).
In whole mounts of the retina, the total number of for PLAP (Figures 1D and 1E).
When sections of the retina were treated with the anti-cells of this type was z450, and their density was
26.0 6 5.7 cells/mm2 (sd, n 5 24). Their nearest distance human PLAP monoclonal antibody E6 (De Waele et al.,
1982) conjugated to the fluorochome Cy3 (E6-Cy3), bothwas 103.9 6 42.4 mm (sd, n 5 52); their distribution was
irregular. Two to four primary dendrites emerged from type 1 and type 2 amacrines were immunoreactive; no
other cells were stained in the retina (Figures 1F and 1H).each perikaryon and branched repeatedly in the scleral
stratum of the IPL; occasionally, they could be followed As E6 binds to PLAP without inactivating the enzyme (De
Groote et al., 1983), staining with E6-Cy3, followed byfor a distance of 500 mm. Adjacent dendritic trees ap-
peared to overlap extensively, so that any point in the the histochemical method for PLAP, showed that E6-
Cy3 did bind to the surface of the very same amacrinesretina was covered by at least three adjacent cells.
Within this plexus, small openings (7 mm in diameter), that expressed PLAP activity (Figures 1G and 1I). Whole
retinal mounts doubly stained with TH-antibody and E6-surrounded by a circular row of endings or processes,
were very frequent; they were interpreted as the vitreal Cy3 showed that every cell that exhibited TH-like immu-
noreactivity was also stained by the anti-PLAP mono-aspect of the cell body of AII amacrine cells and repre-
sent a site of the synapses established by dopaminergic clonal (Figures 1J and 1K).
cells on the small rod amacrines (Voigt and WaÈssle,
1987). On the basis of the distribution of their dendrites Synaptic Connections of DA Cells
For demonstration of PLAP activity at the electron mi-in both plexiform layers, these PLAP-positive neurons
correspond to DA cells, i.e., type 1 or large catechol- croscopic level, the best results were obtained with a
technique based on the hydrolysis of glycerophosphateaminergic amacrines (interplexiform cells) that synthe-
size and release dopamine. These cells have been de- in the presence of alkaline lead citrate to produce an
electron-dense precipitate of lead phosphate (Mayaharascribed in the mouse (Versaux-Botteri et al., 1984) and
are present in all mammalian retinas studied so far (Gal- et al., 1967). To verify with the light microscope the
localization of the reaction product, thick sections werelego, 1971; Nguyen-Legros, 1988; Mariani and HokocË ,
1988; Tauchi et al., 1990). obtained from the plastic-embedded specimens and
treated with ammonium sulfide to convert the invisibleThe second class of PLAP-positive amacrine cells
(Figure 1A) was characterized by a pear-shaped perikar- precipitate of lead phosphate into a brown deposit of
lead sulfide. In these specimens, labeled processesyon that measured 9.2 6 1.1 mm (sd, n 5 50) and, thus,
was significantly smaller than the soma of type 1 cells were localized in the strata S1 and S3 of the IPL, i.e.,
precisely in the two tiers of the IPL that are occupied(t-test, P , 0.001). The cell body was either situated in
the most vitreal row of nuclei of the INL or, less fre- by the arborizations of type 1 and 2 catecholaminergic
amacrine cells (Figure 2A). With the electron micro-quently, displaced in the ganglion cell layer (Figure 1B).
It gave rise to a single primary dendrite that reached scope, an amorphous, dense precipitate of lead phos-
phate filled the intercellular spaces surrounding thethe middle of the IPL, where it branched repeatedly at
Figure 1. Expression of PLAP in Retinal Dopaminergic Amacrine Cells
In the retina of a mouse line that carries the PLAP gene linked to the promoter for TH, two types of catecholaminergic amacrine cells are
positive to the histochemical reaction for PLAP activity. (A) Type 1 or DA cells (asterisk) possess a large perikaryon, and their dendrites form
a dense plexus in the most scleral stratum of the IPL (stratum S1). They give rise to ascending processes (arrows) that reach the OPL. The
soma of type 2 cells is smaller (star), and their dendritic plexus resides in the middle of the IPL (stratum S3). Occasionally, the soma is
displaced in the ganglion cell layer (B). In a tangential section of the retina, the ascending processes of DA cells either end with a small
swelling (arrowheads) or form a very loose plexus in the OPL (C). A DA cell that exhibits TH-like immunoreactivity (D) is also positive for PLAP
(E). Type 2 cells are not immunoreactive for TH, because their dendritic tree in S3 is PLAP-positive but not stained by a-TH antibody. A
monoclonal antibody to PLAP, conjugated to Cy3, is specific for both DA (F) and type 2 (H) amacrines, because the very cells that bind E6-
Cy3 are also stained by the method for PLAP (G and I). In a retinal whole mount, DA cells are stained by both a-TH antibody (J) and E6-Cy3
(K). Magnification: (A), (B), (C), (F), (G), (J), and (K) 4003; (D), (E), (H), and (I) 6003.
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labeled processes. The precipitate was rigorously con- density. In other mammalian retinas, processes of this
kind in the sublamina a of the IPL typically representfined to the intercellular cleft and did not penetrate the
cell membrane or extend into the adjacent cytoplasm. the lobular appendages of narrow-field, bistratified, or
AII amacrine cells (Strettoi et al., 1992). Third, they wereThus, synaptic contacts established or received by the
labeled processes were readily identified, because at postsynaptic to unidentified amacrine cell endings that
contacted the labeled DA cell dendrites at conventionalthe site of the junctions clusters of synaptic vesicles,
synaptic ribbons, and postsynaptic densities were visi- synapses with clear presynaptic vesicles (Figure 2D).
Thus, DA cells receive the same inputs that have beenble with the utmost clarity (Figures 2B and 2C). The
electron microscopic technique was less sensitive than described in other mammalian species (Dowling and
Ehinger, 1978; Pourcho, 1982; Taylor, 1982; HokocË andthe indolyl phosphate method, for retinas of heterozy-
gous animals were negative with short incubation times, Mariani, 1987, 1988; Kolb et al., 1990, 1991).
In turn, the DA cell dendrites were presynaptic at con-and type 2 cells were weakly stained. Furthermore, the
reaction product of the lead citrate method diffused ventional synapses to the cell bodies of amacrine cells
(Figures 2B and 2C) and to organelle-rich dendrites infrom the enzyme-carrying dendrites for a short distance
(50±100 nm) along the intercellular spaces. This limited the IPL that probably belonged to AII amacrine cells
(Figure 2F). So far, no synaptic output has been identi-diffusion, however, did not interfere with the identifica-
tion of large labeled processes. fied in random thin sections of the DA cell processes in
the OPL.As this study is concerned with the mechanisms re-
sponsible for DA release, only the connections of DA
cells were analyzed. In keeping with the observations
made with the light microscope, the dendrites of DA Identification of DA Cells after Dissociation
of the Retinacells formed a rich plexus at the scleral margin of the
IPL, just beneath the innermost row of cell bodies of the After papain digestion and mechanical trituration of the
retina, DA cells were immunoreactive for TH (Figure 3A),INL. Small labeled processes contained microtubules
and tended to form fascicles; larger processes were and both DA cells and type 2 cells stained with the
histochemical reaction for PLAP (Figures 3B and 3C);characterized by a pale matrix and contained vesicles
and dense core granules, an appearance typical of DA thus, digestion with papain did not completely remove
the transgene product from the cell surface. DA cellscell dendrites in all mammalian species (Dowling and
Ehinger, 1978; Pourcho, 1982). DA cell dendrites were were easily distinguished from type 2 catecholaminergic
cells, because of the large diameter of their cell bodypostsynaptic to three kinds of processes. First, they
were postsynaptic to bipolar cell endings, which are and the fact that they stained more intensely for PLAP. In
addition, DA cells often retained their primary dendritescharacterized by the presence of a presynaptic ribbon
surrounded by a halo of synaptic vesicles. At the synap- with the dissociation parameters used in this study,
whereas type 2 cells had lost most of their processes.tic junction, the intercellular cleft was enlarged, and a
layer of dense, fluffy material was present on the cyto- With E6-Cy3, only DA cells could be unequivocally iden-
tified (Figures 4A and 4B).plasmic aspect of the postsynaptic membrane (Figure
2D). Typically, the synapse belonged to the monad vari- Within the time frame of our experiments, the Cy3-
conjugated antibody did not significantly crosslink itsety, a fact noted in other mammalian retinas (HokocË and
Mariani, 1988; Kolb et al., 1991). Second, they were antigen, because the fluorescent marker neither formed
patches at the cell surface nor was internalized by endo-postsynaptic to amacrine cell processes of large diame-
ter, whichcontain a heterogeneous complement of cyto- cytosis in isolated DA amacrines or in cultured c-2-DAP
cells, which express human PLAP as a result of retroviralplasmic organelles (Figure 2E). These included mitochon-
dria, profiles of the endoplasmic reticulum, vesicles, and infection (Fields-Berry et al., 1992). In contrast, dramatic
endocytosis was observed when the cultures werevacuoles. The conventional synaptic junction was char-
acterized by a small presynaptic cluster of vesicles, a stained with polyclonal anti-PLAP antibody, or when
incubation with the monoclonal antibody was followednarrow synaptic cleft, and inconspicuous postsynaptic
Figure 2. Connections of DA Cells
(A) An illustration of a thick section of a plastic-embedded specimen, which was reacted en bloc with the alkaline lead citrate method for
PLAP. The section was treated with ammonium sulfide and stained with toluidine blue. A brown deposit of lead sulfide is localized at the
surface of the body of a DA cell (asterisk) and in the S1 and S3 plexuses formed by the dendrites of DA and type 2 cells, respectively
(arrowheads). The dark organelles in the cytoplasm of the DA cell are Golgi complexes.
(B) With the electron microscope, the dense product of the PLAP reaction is confined to the intercellular spaces and outlines the dendrites
of DA cells (asterisks) in stratum S1 of the IPL. One of the processes is presynaptic to the soma of an amacrine cell (arrow).
(C) A higher magnification of a synaptic contact illustrates the extracellular localization of the reaction product: the presynaptic cluster of
vesicles (sv) is clearly visible.
(D) A dendrite of a DA cell (DA) is postsynaptic to an ending of a bipolar cell (BC) and to a process belonging to an unidentified amacrine cell
(AC). The bipolar-to-DA cell contact is a monad synapse, characterized by a synaptic ribbon (sr), surrounded by vesicles, in the presynaptic
ending; at the amacrine-to-DA cell synapse, a cluster of vesicles adheres to the presynaptic membrane.
(E) A DA cell dendrite (DA) is postsynaptic to a large process containing a heterogeneous complement of organelles and, thus, probably
belonging to an AII amacrine.
(F) DA cell dendrites (DA) are, in turn, presynaptic to organelle-rich, amacrine cell processes (AC). Curved arrows indicate the direction of the
synaptic influences. Magnification: (A) 6003; (B) 21,0003; (C) 125,0003; (D) 42,0003; (E) 24,0003; and (F) 35,0003.
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Figure 3. Staining Properties of Solitary DA Cells
After papain digestion and mechanical trituration of the retina, formaldehyde-fixed DA cells exhibit TH-like immunoreactivity (A) and are stained
by the histochemical method for PLAP (B). Type 2 cells are smaller and less intensely stained by the PLAP method; furthermore, they have
lost their processes with the dissociation protocol adopted in this study (C). Magnification: (A) 6003; (B) and (C) 5003.
by treatment with polyclonal anti-mouse IgGs (data not rod bipolars express bicuculline-insensitive GABAC
receptors. The mean amplitude of the residual currentshown; see Experimental Procedures).
was 2104 6 44 pA (sd, n 5 10) or 53 6 11% of the totalTo rule out the possibility that treatment with papain
amplitude of the GABA-induced current. In rod bipolarand mechanical dissociation caused unrelated cells to
cells of the transgenic animals, after staining with E6-bind E6-Cy3,direct evidence that large, fluorescent cells
Cy3, the current evoked by 10 mM GABA had an ampli-expressed both TH and PLAP was obtained by reverse
tude of 2249 6 113 pA (sd, n 5 10) and was only partiallytranscription polymerase chain reaction (RT-PCR). To
blocked by bicuculline. The remaining, bicuculline-this purpose, 20 cells fluorescently labeled by E6-Cy3
insensitive fraction was 55 6 11% of the total current,were individually isolated by suction with micropipettes
a value nearly identical to that obtained in wild-type rodand pooled. Their RNA was purified and reverse-tran-
bipolars. These results suggested that the presence ofscribed, and the resulting cDNA was used as a substrate
PLAP and antibody at the cell surfacedid not alter signif-for the PCR reaction. Figure 4C shows that E6-Cy3 la-
icantly the properties of the cells' ligand-gated ionbeled cells contained both PLAP and TH transcripts,
channels.whereas large, unlabeled neurons, processed in parallel
Recordings with the patch-clamp technique in theas controls, were negative.
whole-cell configuration were obtained from 100 DA
cells. Cells were chosen that possessed 2±3 dendritesElectrophysiology of DA Cells
that could be followed for a length of at least 30 mm.Control experiments were carried out to rule out the
Stable recordings, lasting 10±45 min, were obtainedpossibility that expression of PLAP at the cell surface
from 62% of the cells. When recordings were carriedand binding of antibody to the enzyme altered the re-
out in the current-clamp mode with no external currentsponses of DA cells to the application of exogenous
applied, quiescent DA cells had an average resting po-ligands. To this purpose, rod bipolar cells were chosen;
tential of 246.1 6 4.8 mV (sd, n 5 9). While recording,
after dissociation, they are easily identified in non-
80% of DA cells fired spontaneous action potentials
transgenic mice because they retain their characteristic
(Figure 5A, left panel) in a slow and variable pattern
shape, and a transgenic line is available in which this (6.0 6 2.4 Hz; sd, n 5 25; range, 3±9 Hz). When the cells
cell type expresses PLAP (data not shown).GABA-gated were depolarized by injecting a small current (6 pA), the
currents were studied, since their properties in rod bi- firing frequency doubled (12.4 6 4.4 Hz; sd, n 5 12;
polars are well understood (Feigenspan et al., 1993; Figure 5A, right panel). Upon returning to their resting
Feigenspan and Bormann, 1994; Gillette and Dacheux, potential, the cells resumed their low-frequency dis-
1995). charge. On the other hand, when the cellswere hyperpo-
In rod bipolars of nontransgenic, C57BL/6J mice, 10 larized by injecting a negative current (25 pA), the action
mM GABA induced an inward current at a holding poten- potentials were abolished in a reversible fashion.
tial of 270 mV. Its amplitude varied from 293 to 2323 As DA cells were postsynaptic to at least two types
pA, with a mean value of 2199 6 80 pA (sd, n 5 10). In of amacrine cells, including the AII variety, and to bipolar
agreement with previous observations in rat rod bipolars cells, they had to respond to g-aminobutyric acid
(Feigenspan et al., 1993; Feigenspan and Bormann, (GABA), because some of the amacrines presynaptic to
1994), the GABA-induced currents were not blocked DA cells are known to stain with antibodies to GABA
completely by high concentrations (100 mM) of the com- (Kolb et al., 1991); to glycine, the transmitter of AII ama-
petitive GABAA receptor antagonist bicuculline, a finding crine cells (Pourcho and Goebel, 1985); and to gluta-
mate, the transmitter of bipolar cells (Slaughter andconsistent with the possibility that, also in the mouse,
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Table 1. Effects of Drug Application on the Firing Frequency of
DA Cells
Frequency Membrane Potential
Treatment (Hz) (mV)
Control 6.0 6 2.4 (25) 246.1 6 4.8 (9)
Current (6 pA) 12.4 6 4.4 (12) 241.5 6 2.4 (7)
GABA (10 mM) 0 (9) 251.5 6 1.5 (9)
Glycine (50 mM) 0 (9) 250.6 6 1.8 (9)
Kainate (10 mM) 12.1 6 3.2 (13) 238.4 6 1.3 (9)
the cells were depolarized to 238 mV, and their firing
frequency increased to 12.1 6 3.2 Hz (sd, n 5 13). Fol-
lowing wash-out of kainate, the cells slowly returned to
their resting potential, gradually decreasing the firing
frequency to predrug levels (Figure 5D). The effects of
current injection and application of neurotransmitters on
the frequency of action potentials and on the membrane
potential of DA cells are summarized in Table 1.
In the voltage-clamp mode, depolarizations from 270
to 50 mV in 10 mV steps activated voltage-gated sodium
and potassium channels (Figure 6A). The sodium chan-
nels were completely and reversibly blocked by 1 mM
tetrodotoxin (Figure 6B). The current±voltage (I±V) rela-
tion (Figure 6C) was characterized by a voltage-depen-
dent activation of Na1 channels with a maximum current
(up to 21500 pA) at 220 to 225 mV. The reversal poten-
tial was 23 6 3 mV (sd, n 5 7). This is consistent with
an ionic permeability ratio of 0.08 for K1/Na1, typical of
voltage-dependent sodium channels (Hille, 1992).
With equal concentration of chloride on both sides of
the cell membrane and at a 270 mV holding potential,
10 mM GABA induced large inward currents in all cells
examined (21892 6 859 pA; sd, n 5 12) with a slow,
but pronounced desensitization (Figure 7A). This inward
current was completely blocked by 100 mM bicuculline;
thus, DA cells expressed the GABAA receptor subtype.
The I±V relation was linear and reversed around 0 mV
(21.1 6 1.2 mV; sd, n 5 6), as expected for chloride
Figure 4. RT-PCR of Solitary Cells, Which Bind a-PLAP Antibody currents in the conditions used in these recordings.
in the Living State Application of glycine (100 mM) induced large inward
(A) For electrophysiological analysis, solitary DA cellswere identified currents (2333 6 1046 pA; sd, n 5 8) carried by chlo-
by staining with the E6-Cy3 antibody.
ride ions (Figure 7B), which were completely blocked(B) Subsequently, they were patch-clamped under Nomarski obser-
by the glycine receptor antagonist strychnine (1 mM).vation.
The I±V relation was linear and reversed sign around 0(C) Evidence that cells such as that of (A) did contain both TH and
PLAP transcripts was obtained by RT-PCR; mRNAs were extracted mV (21.4 6 3.0 mV; sd, n 5 6).
from fluorescent cells (lanes 2±5) and large, unstained cells (lanes Both glutamate and kainate were applied at a 100 mM
6±9), reverse-transcribed (lanes 2, 4, 6, and 8), and amplified with concentration. With most cells, glutamate elicited only
human PLAP primers (lane 2) and murine TH primers (lane 4). A 451 small, fast, desensitizing responses (60 pA peak, 8 pA
bp band specific for PLAP cDNA is present in lane 2, and a 359 bp
steady state, decay time constant t 5 14 ms; data notband specific for murine TH cDNA is present in lane 4; they are
shown), whereas the mean amplitude of kainate-absent in unstained cells (lanes 6 and 8). In lanes 3, 5, 7, and 9, RT
induced currents (Figure 7C) was 2147 6 59 pA (sd,was omitted. Lanes 10 and 11 are control reactions for PLAP and
TH primers, respectively. In lane 1, molecular markers VI (Boehringer n 5 27). These kainate responses did not desensitize
Mannheim). Magnification: (A) and (B) 5003. throughout the 10 s period of drug application and were
completely abolished by the non-NMDA receptor antag-
onist 6-cyano-7-nitroquinoxaline (CNQX; 5 mM). The I±V
Miller, 1983). For the recordings, cells were chosen curve was linear and reversed near 0 mV (0.1 6 2.4 mV;
which fired action potentials in a regular, rhythmic pat- sd, n 5 15), the value expected for nonselective cation
tern when kept at their resting membrane potential. Ap- channels. In contrast with the effects of GABA and gly-
plication of 10 mM GABA or 50 mM glycine for 100±200 cine, there was a clear, positive correlation between the
ms hyperpolarized the cells to z251 mV and reversibly amplitude of the responses to kainate or glutamate and
suppressed their action potentials (Figures 5B and 5C). the number and length of the cell processes, suggesting
When 10 mM kainate, an agonist at ionotropic, non- that the kainate receptors are sparser and localized
along the length of the dendrites.NMDA glutamate receptors, was applied for 500 ms,
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Discussion
Throughout the nervous system, an understanding of
the computations carried out by neural networks re-
quires integration of the findings of microscopy, electro-
physiology, and molecular biology. This aim would be
greatly facilitated if specific populations of neurons
could be identified with ease, irrespective of the experi-
mental approach adopted for their study. We have
hereby shown that PLAP is an ideal marker for specific
and homogeneous neuronal populations when ex-
pressed under regulation of an appropriate promoter.
In fact, in our line of transgenic mice, we could count
the number of DA cells in the whole retina, study the
distribution of their processes in the plexiform layers,
and map their synaptic connections. DA cells were then
identified in vitro afterenzymatic digestion and mechani-
cal trituration of the retina, so that their physiology could
be investigated in the whole-cell configuration of the
patch-clamp technique.
Because of PLAP localization on the outer aspect of
the cell (Berger et al., 1987), the purple product of the
indolyl phosphate reaction for phosphatases precisely
outlined all the details of the neuronal surface, and den-
dritic arbors were stained in their entirety. It was highly
specific for the neurons that expressed the transgene,
provided that other phosphatases were heat-inactivated
(Posen et al., 1969). Furthermore, the fact that PLAP-
labeled amacrines had the same morphology and wiring
as the catecholaminergic amacrines in nontransgenic
animals confirmed previous evidence (Fields-Berry et
al., 1992) that neuronal development was not affected
by the presence at the cell surface of an enzyme with
such a high pH optimum (pH 10±10.5; McComb and
Bowers, 1972). Finally, a lead citrate method for the
electron microscope enabled us to localize the enzy-
matic activity on the outer aspect of the cell membrane,
without obscuring the underlying cytoplasm; therefore,
synaptic contacts could be identified without difficulty.
As a neuronal marker, PLAP has the shortcoming that
it is not visible in vivo without resorting to immunocyto-
chemistry. Thus, because of the slowness of antibody
penetration, DA cells could not be identified in the intact
retina for recordings or intracellular injections. Future
experiments will decide whether they can be stained in
retinal slices.
In the transgenic line used for this study, the fragment
of the TH promoter cloned by Banerjee et al. (1992)
directed the expression of PLAP to the appropriate pop-
ulations of retinal neurons. The accuracy of transgene
expression in DA amacrines was striking, because every
cell that contained TH also expressed PLAP. Further-
more, the density and total number of large PLAP-posi-
tive cells were very close to those reported for TH-like
immunoreactive neurons in the mouse (Versaux-BotteriFigure 5. Spontaneous Activity of Solitary DA Cells Recorded in the
et al., 1984). Interestingly, the transgene was also ex-Current-Clamp Mode
pressed in type 2 catecholaminergic amacrines, which(A) At the resting membrane potential of 246 mV, a DA cell generated
action potentials at a frequency of 6 Hz (left panel).
Upon injection of a 6 pA depolarizing current, the firing frequency
increased to 12 Hz (right panel). (D) Application of kainate (10 mM, 500 ms) caused depolarization
(B) A short pulse of GABA (10 mM, 100 ms) hyperpolarized a DA cell and doubling of the firing rate. (B), (C) and (D) are tracings from the
and reversibly blocked the spontaneous discharge. same cell. Bars indicate application of drugs. The delivery system
(C) 50 mM glycine for 200 ms had a similar effect on the membrane is responsible for the 300±500 ms delay between onset of drug
potential and activity of the cell. application and cell response.
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in the mouse do not stain with antibodies to TH. As type
2 cells in other mammalian species are weakly stained
by anti-TH antibodies, it seems that in this instance the
transgenic technology was more sensitive than immuno-
cytochemistry; in addition, type 2 amacrines contained
less PLAP than type 1 cells, which suggestsa parallelism
between the regulation of the expression of the transgene
and that of the TH gene. The identity of the transmitter
of type 2 cells is not known.
We have found that solitary DA cells have the remark-
able property of spontaneously generating action poten-
tials that increase in frequency upon depolarization and
are abolished by hyperpolarization. They are mediated
by a fast inactivating inward Na1 current and outward
K1 currents. The presence of a spike-generating neuron
in the pathway leading to DA release was suggested by
Piccolino et al. (1987), on the basis of the effects of
veratridine and tetrodotoxin on the coupling of hori-
zontal cells in the turtle. This study proves that the spik-
ing neurons are the DA cells themselves. Since, in other
mammals, DA cells possess axon-like processes (Da-
cey, 1990; Kolb et al., 1990), it may be argued that the
spontaneous activity observed in the mouse originates
from trigger zones at the axonal origins; we deem this
unlikely, because DA cells generate spikes even when
deprived of all processes by the dissociation procedure.
In the intact retina, the firing pattern of DA cells is
probably very different from that observed in vitro after
removal of all synaptic influences. There is no doubt,
however, that in vivo the spread of action potentials
throughout the plexus of DA cell dendrites in the scleral
IPL is responsible for the depolarization that causes DA
release in a Ca21-dependent manner (Sarthy et al., 1981;
Boatright et al., 1989; Kolbinger and Weiler, 1993). Then,
the released molecules diffuse throughout the retina to
modulate the activity of more distant targets (Piccolino
et al., 1987).
It is well known that GABA and its agonist muscimol
suppress DA release in a variety of vertebrates. These
effects are reversed by specific GABAA receptor antago-
nists. Furthermore, GABAA receptor activation inhibits
release in both light and darkness, but the GABA-medi-
ated inhibitory tone is greater in darkness than in light
(Kamp and Morgan, 1981; O'Connor et al., 1987; Kirsch
and Wagner, 1989; Critz and Marc, 1992; Kolbinger and
Weiler, 1993). Our findings demonstrate that application
of GABA to solitary DA cells caused an increase of a
chloride conductance, which was abolished by the
GABAA-antagonist bicuculline; thus, GABA inhibits DA
cells by binding to GABAA receptors that reside on DA
cells themselves and may be localized, at least in part,
at the sites where these cells are postsynaptic to other
unidentified amacrines. As a result of this current, DA
cells hyperpolarized and their spontaneous firing was
abolished. Suppression of light-evoked DA release by
GABAB receptor activation has been noted in Xenopus
Figure 6. Voltage-Gated Na1 and K1 Channels of DA Cells
(A) When the cells were voltage-clamped at 270 mV with 137 mM
extracellular Na1, depolarizing voltage steps of 10 mV induced fast nels from a different DA cell. The extracellular solution contained
inactivating inward Na1 currents and outward K1 currents. 45 mM Na1; the K1 channels were blocked with intracellular CsCl
(B) The Na1 currents were completely blocked by 1 mM tetrodotoxin and TEA. The voltage was increased in 5 mV steps from a holding
(TTX). potential of 270 mV. The current reaches its maximum value at 220
(C) Shows the current±voltage relation of voltage-gated Na1 chan- mV and reverses at 23 mV.
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Figure 7. Ligand-Gated Channels of DA Cells
The cells were voltage-clamped at 270 mV, with an equal concentration of chloride on either side of the membrane. Extracellular application
of 10 mM GABA for 10 s evoked an inward current that was completely blocked by the competitive GABAA receptor antagonist bicuculline
(100 mM). The current±voltage relation of the GABA-activated current shows that the reversal potential is close to the value of 0 mV predicted
by the Nernst equation for Cl- selective channels (A). Extracellular application of 100 mM glycine for 10 s evoked an inward current that was
completely blocked by the glycine receptor antagonist strychnine (1 mM). The current shows marked desensitization during the time course
of the drug application. As is the case for the GABA-activated current, the current±voltage relation of the glycine-induced current is linear
and reverses at 0 mV (B). When DA cells were voltage-clamped at 270 mV, 100 mM kainate evoked an inward current that did not desensitize
throughout the 10 s period of drug application and was completely abolished by the non-NMDA receptor antagonist CNQX (5 mM). The I±V
curve was linear and reversed near 0 mV, as expected for nonselective cation channels (C).
(Boatright et al., 1994a); future studieswill show whether receptorscaused DA cells to hyperpolarize and inhibited
their spontaneous activity.these receptors are localized on DA cells.
Glycine, a transmitter that inhibits light-stimulated DA The effects of glutamate and its agonists on the re-
lease of DA by the retina are controversial: glutamaterelease (Boatright et al., 1994a), caused an increase of
a chloride conductance, which was abolished by strych- either had no effect on or inhibited basal DA release
(Kirsch and Wagner, 1989; Critz and Marc, 1992). It wasnine. Thus, glycine receptors are expressed on DA cells
and are probably found in the postsynaptic membrane reported that kainate, an agonist at ionotropic glutamate
receptors, had no effect in rabbit (Bauer et al., 1980),of the contacts established on DA cells by glycine-accu-
mulating amacrines (Kolb et al., 1991), including AII ama- chick (Pasantes-Morales et al., 1988), and, according to
one report, turtle (Critz and Marc, 1992). Thus, it wascrines. As is the case for GABA, activation of these
Dopaminergic Amacrines in Transgenic Mice
733
sequence of the rat promoter of the TH gene, cloned at the 59inferred that DA cells didnot receive excitatory synapses
end of the 1.9 kb PLAP cDNA; a simian virus 40 (SV40) interveningfrom bipolar cells, that they were inhibited in the dark
sequence (nt 4648±4038; GenBank J02400); and the SV40 polyade-by GABAergic amacrines, and that the light effect is
nylation signal (nt 2709±2461). The plasmid was obtained by excision
exclusively the result of disinhibition. In contrast, other of the PLAP cDNA from the DAP plasmid (Berger et al., 1987; Fields-
reports concluded that kainate stimulated basal DA re- Berry et al., 1992) by digestion with HincII, followed by ligation of
lease in the turtle (Kolbinger and Weiler, 1993) and that the fragment to BglII linkers; digestion with BglII of the pJ3bgal
plasmid (Price et al., 1987) to remove the bgal gene; cloning of the2-amino-4-phosphonobutyric acid, an agonist at a met-
ligated PLAP cDNAinto the BglII-digested pJ3bgal plasmid to obtainabotropic glutamate receptor that blocks the on-path-
the pJ3PLAP plasmid; excision of the TH promoter fragment fromway, inhibited DA release by light (Boatright et al.,
the THdno plasmid (a gift from D. M. Chikaraishi, modified from1994b). These results suggested that DA cells were ex-
Banerjee et al., 1992) by digestion with HindIII and SalI; and cloning
cited by the glutamate released by on-bipolars. In this of the TH promoter fragment into the pJ3PLAP plasmid digested
paper, we observed that application of kainate to DA with HindIII and SalI.
cells elicited an inward current by opening nonselective
cation channels. Glutamate was also effective, but the Transgenic Mice
The THpPLAP plasmid was digested with HindIII and PvuI, and anresponse desensitized very rapidly. Blockage with a
z8.8 kb fragment was gel purified to remove most of the DNAnon-NMDA receptor antagonist showed that an iono-
sequences of bacterial origin. The transgene was injected into thetropic AMPA±kainate receptor was responsible for the
male pronucleus of fertilized mouse oocytes (C57BL/6 3 SJL/J F2increase of the mixed cation conductance. As a result,
hybrids) by DNX (DNX Inc., Princeton, NJ), and offsprings that car-
the kainate-induced depolarization increased the fre- ried the transgene were identified by PCR on the genomic DNA
quency of the action potentials spontaneously gener- extracted from tail biopsies. A human-specific, 451 bp fragment of
ated by DA cells. Thus, DA cells possess excitatory, PLAP DNA was amplified by PCR, using the primers TGAGGCTACA
GCTCTCCCTG (nt 54) and CACTGACTTCCCTGCTTTCT (nt 504)ionotropic glutamate receptors, and these are probably
contained in the sequence GenBank M12551 (Kam et al., 1985).located in the postsynatic membrane of the bipolar-to-
SJL/J mice carry the rd (retinal degeneration) gene (Taketo et al.,DA amacrine synapses that we identified morphologi-
1991), a mutation that induces photoreceptor degeneration and iscally.
caused by disruption of the gene coding for the b subunit of rod
Of course, our findings only apply to a mammalian cGMP phosphodiesterase (b-PDE) by the xenotropic gaggene of the
retina, and species differences may account for the dis- retrovirus Xmv-28 (Bowes et al., 1993). Thus, some of the transgenic
crepancies that exist in the literature about control of animals carried the rd gene, and this was accidentally discovered
when they were bred with FVB/N mice, another strain that carriesDA release; it must be noted, however, that the effects
rd (Taketo et al., 1991). The rd gene was eliminated from the genomeof DA are so uniform across the vertebrate retinas that
by breeding the animals with C57BL/6J mice, which exhibit thethe basic physiological mechanisms could be highly
normal wt genotype, and culling the offspring by PCR reaction. Toconserved.
this purpose, the following primers were used: 82 (ACCCATGTCCTA
The effects of light on DA release in the retina have CAGCCCCTCTCCAA), a sequence of the wt intron 1 of the b-PDE
been the subject of a long-lasting controversy; a con- gene located 59 to the provirus integration site; 81 (ACCTGCATGTGA
sensus has now been reached that there is a basal ACCCAGTATT), complementary to a sequence of the wt intron 1
of the b-PDE gene located 39 to the provirus integration site (Bowesrelease in the dark, which increases upon illumination,
et al., 1993); and rd2 (AGAAGAAGTAGAATCACGTGAATAAAAGAT),and that flickering light may be a better stimulus than
a sequence of the env gene of the provirus. In the wt genotype, thea steady background light (Kramer, 1971; Boatright et
pair of primers 82 and 81 amplified a 247 bp gene fragment, whereasal., 1989; see also Witkovsky and Dearry, 1991; Djamgoz
in the rd allele the pair of primers rd2 and 82 produced a 650 bp
and Wagner, 1992). Our findings suggest a novel hypoth- fragment.
esis on the activity of DA amacrine cells in the intact The offspring of the founder that expressed the transgene in the
retina: thespontaneous dischargeof DA cells is inhibited appropriate neuronal populations was bred to homozygosity. Homo-
zygous animals, the number of chromosomal insertion sites of thein the dark by GABAergic amacrines that receive their
transgene, and the number of its copies were identified by Southerninput from off-bipolars. In bright light, the GABA-inhibi-
hybridization of tail DNA.tion is removed, DA cells generate action potentials,
and their firing is modulated by the excitation received
Light Microscopyfrom on-bipolars. The action potentials spread through-
Mice were anesthetized by IP injection of a 0.1 ml solution containingout the dendritic plexus in the IPL and cause DA release.
equal parts of 5% ketamine (Ketaset; Bristol-Myers Co., Syracuse,
In dim light, there is no release of DA, because DA cells NY) and 1% xylazine (Rompun; Bayer Co., Shawnee Mission, KS),
receive inhibition from the glycinergic AII amacrine cells. and their vascular system was perfused through the heart with oxy-
The only difficulty with this hypothesis concerns the genated Ames medium (Sigma Chemical Co., St. Louis, MO) con-
taining 0.1% procaine and 0.001% heparin, followed by 4% formal-location of the bipolar-to-DA cell synapses in the scleral
dehyde in phosphate buffered saline (PBS). Alternatively, the eyesstratum of the IPL; it requires the presence of on-bipolar
were enucleated, opened at the equator, and immersed in the sameendings in the off-sublamina of the IPL.
fixative fluid.We are presently investigating whether the spontane-
For demonstration of PLAP activity, retinas were separated from
ous generation of action potentials by DA cells is the choroid and sclera after a 2 hr fixation at room temperature and
result of a pacemaker-like activity, such as that typically warmed up to 658C for 30 min in PBS to inactivate other phospha-
found in the DA neurons of the midbrain (Grace and tases. They were subsequently incubated in the dark for 3 hr in
Bunney, 1983). 0.1% 5-bromo-4-chloro-3-indolyl phosphate (Molecular Probes Inc.,
Eugene, OR) and 1% nitroblue tetrazolium in 0.1 M Tris-HCl buffer
(pH 9.5), containing 0.1 M NaCl and 0.05 M MgCl2. After rinsingExperimental Procedures
with 0.02 M EDTA in PBS, whole retinas or cryostat sections were
mounted in a polyvinyl alcohol resin (Vinol Grade 205; Air ProductsTHpPLAP Plasmid
and Chemicals Inc., Allentown, PA).A plasmid was constructed that contained the following compo-
nents, inserted between two unique HindIII and PvuI sites: a 4.8 kb To correlate the distributions of TH and PLAP activity, cryostat
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sections of retinas fixed according to the above protocol were incu- Eppendorf tubes containing 20 U RNase inhibitor (Boehringer Mann-
heim) and stored at 2808C. Cells were thawed in ice and pooled.bated for 18±24 hr in 1:100 affinity-purified rabbit polyclonal anti-
body to denatured rat pheochromocytoma TH (Chemicon Interna- Total RNAs were extracted with the RNAzol B method (Tel-Test Inc.,
Friendswood, TX), incubated with RNase-free DNase (Promega Co.,tional Inc., Temecula, CA), followed by a 3 hr incubation with 1:250
Texas Red-conjugated goat anti-rabbit antibody (Vector Labora- Madison, WI), phenol-purified, and ethanol-precipitated in the pres-
enceof glycogen. After denaturation in the presence of Pd(N)6 (Phar-tories Inc., Burlingame, CA). The sections of retina were photo-
graphed inepifluorescence andsubsequently stained with thehisto- macia), RNAs of both DA and control cells were split into two ali-
quots, and one of each was reverse-transcribed by usingchemical method for PLAP.
The anti-human PLAP monoclonal antibody E6 was obtained from Superscript II RNase H2 Reverse Transcriptase (Gibco). The re-
maining aliquots, in which reverse transcriptase was omitted,servedthe hybridoma cell line E6j (gift from W. Fiers, Gent, Belgium), grown
in RPMI 1640 medium (Gibco BRL, Life Technologies, Gaithersburg, as controls. PLAP cDNA was amplified as previously described. TH
cDNA was amplified by using the following primers: AGTGCACACAMD) in the presence of Nutridoma (Boehringer). The antibody was
affinity-purified through a protein A Sepharose column (Pharmacia, GTACATCCGTCATC, which hybridizes with TH cDNA at nt 935, lo-
Piscataway, NJ) and conjugated to monofunctional reactive Cy3 cated in exon 8 of the murine gene (GenBank M69200); and GCTGGT
(CyDye; Amersham Life Sciences Inc., Pittsburg, PA), according to AGGTTTGATCTTGGTA, which hybridizes with TH cDNA at nt 1295,
manufacturer's recommendations. To confirm the specificity of the located in exon 12 of the murine gene. The PCR product was 359
antibody, cryostat sections of retina were stained with E6-Cy3 di- bp long. The RT-PCR products of human PLAP and murine TH
luted 1:1000 to 1:5000, photographed in epifluorescence (535 nm cDNAs were subcloned in pCR-II plasmid by using Original TA Clon-
excitation filter; 610 nm barrier filter), and subsequently stained with ing Kit (Invitrogen Co., Carlsbad, CA), according to the manufactur-
the histochemical method for PLAP. er's recommendations. The cloned fragments were sequenced and
To correlate the distribution of TH-like and E6-Cy3 immunoreac- their identities verified.
tivities, the above procedures were combined; whole retinas were To test the effects of antibodies to PLAP on living cells, the follow-
incubated for 5 days in the a-TH antibody, followed by a 3 day ing experiments were carried out on c-2-DAP cells (a stable eco-
incubation in a mixture of FITC-conjugatedgoat anti-rabbit antibody tropic packaging line that expresses human PLAP as a result of
(Boehringer) and E6-Cy3. infection with the retroviral vector pDO-L; Fields-Berry et al., 1992):
(1) a 30 min incubation in 1:100 E6-Cy3, followed by 4% formalde-
Electron Microscopy hyde fixation; (2) a 30 min incubation in 1:100 E6, followed by 1:100
Anesthetized mice were perfused through the heart with 2% formal- Texas Red-conjugated, horse anti-mouse IgGs (Vector) and subse-
dehyde and 1% glutaraldehyde in SoÈ rensen phosphate buffer (pH quent fixation with 4% formaldehyde; (3) a 30 min incubation in
7.4), after rinsing the vascular system with Ames medium (see 1:100 E6, followed by 4% formaldehyde fixation and subsequent
above). Whole retinas were kept in the fixative fluid for 2 hr at room staining with 1:100 Texas Red-conjugated, horse anti-mouse IgGs;
temperature, heated in PBS at 658C for 30 min, and carefully rinsed (4) a 30 min incubation in 1:100 rabbit polyclonal anti-PLAP antibody
with 5% sucrose in 0.2 M cacodylate buffer (pH 7.4) to eliminate (Zymed Laboratories Inc., South Francisco, CA), followed by 1:100
phosphate ions. Specimens were then incubated for 8±24 hr at room Texas Red-conjugated, goat anti-rabbit IgGs (Vector) and subse-
temperature underconstant, mild agitation in a b-glycerophosphate, quent fixation with 4% formaldehyde.
alkaline lead citrate solution, according to Mayahara et al. (1967). As controls, similar experiments were carried out on the parent
They were subsequently postfixed in 3% glutaraldehyde, followed c-2 cell line that does not express PLAP. In experiments (1) and (3),
by osmium ferrocyanide and staining en bloc with uranyl acetate. the cell surface was uniformly stained, and no endocytosis was
After embedding in low viscosity Epon and thin sectioning, micro- observed, whereas in experiments (2) and (4), the fluorescent label
graphs were obtained with a Jeol 1200 EX electron microscope. had been internalized (data not shown).
Dissociation and Staining of Solitary Retinal Cells
ElectrophysiologyEyes were enucleated from anesthetized, 1- to 12-month-old homo-
For recordings, the Petri dishes with the dissociated retinal cellszygous mice and transferred to a petri dish containing ice-cold
were mounted on the stage of an inverted microscope (Diaphot 300,Hanks' Balanced Salt Solution (HBSS; Gibco) enriched with glucose
Nikon). The cells were maintained at room temperature (21±258C)(10 mg/ml). After opening the eyes at the equator, the anterior seg-
and continuously superfused at a rate of 0.5 ml/min with a solutionment, lens, and part of the vitreous body were removed, and the
containing 137 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, and 1 mMposterior segment was cut into four wedges, which were transferred
MgCl2 in 5 mM Hepes (pH 7.4). For recordings of voltage-gated Na1to a round-bottomed, 14 ml test tube. The tube contained 5 ml of
channels, the extracellular solution contained 40 mM NaCl, 95 mMa 20 U/ml solution of papain (Worthington Biochemical Co., Free-
choline-Cl, 5.4 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5.5 mM Hepes,hold, NJ) in Ca21- and Mg21-free HBSS. Prior to use, the papain had
and 4.5 mM Hepes-Na (pH 7.4). E6-Cy3 stained neurons were identi-been activated by incubation at 378C for 30 min after addition of 1
fied by scanning the coverslip in epifluorescence, and DA amacrinesmM L-cysteine and 0.5 mM EDTA. The tube was placed horizontally
that retained their dendrites were selected for recordings. The re-on a Slow Speed Rotomix (Thermolyne, Cole-Palmer, Chicago, IL)
maining procedures were carried out in visible light with Nomarskiin an incubator at 378C and gently stirred at 42 rpm for 45 min. At
optics. Membrane currents were recorded using the whole-cell con-the end of the digestion, the pieces of retina were carefully detached
figuration of the patch-clamp technique (Hamill et al., 1981). Patchfrom the pigment epithelium and washed with Dulbecco's Modified
pipettes were fabricated from borosilicate glass (1.65 mm O.D., 1.2Eagle Medium (DMEM; Gibco), containing 0.02% DNase I (Sigma).
mm I.D.; A-M Systems, Everett, WA) using a horizontal two-stageFinally, the pieces of retina were triturated in DMEM by squeezing
electrode puller (BB-CH, Mecanex, Geneva, Switzerland); the elec-them through the bore of fire-polished Pasteur pipettes. Aliquots of
trode resistance ranged from 5±7 MV. After coating with sylgardthe cell suspension, thus obtained, were deposited on glass cov-
(Dow Corning, Midland, MI), the pipettes were filled with a solutionerslips, each glued to the margin of a hole cut in the bottom of a
containing 120 mM CsCl, 20 mM tetraethylammonium-Cl, 1 mMsmall Petri dish. The coverslips had been previously coated with
CaCl2, 2 mM MgCl2, and 11 mM EGTA in 10 mM Hepes (pH 7.2).0.01% poly-L-lysine in distilled water for 24 hr, followed by 0.1%
Voltage-gated K1 channels were recorded with an intracellular solu-concanavalin A in PBS for 1 hr. The cells were allowed to settle on
tion containing 140 mM KCl, 1 mM CaCl2, 2 mM MgCl2, and 11 mMthe glass for 30 min at 378C in an atmosphere of 5% CO2 and
EGTA in 10 mM Hepes (pH 7.2). For recordings in the current-clamp95% air, and 0.1% bovine serum albumin (Sigma) was added to the
mode, the intracellular solution contained 125 mM K-gluconate, 10supernatant. At 1±5 hr after dissociation, DA cells were stained by
mM KCl, 10 mM Hepes, 0.5 mM EGTA, 2 mM Mg-ATP, and 0.2 mMreplacing the culture medium with E6-Cy3 diluted 1:100 with 0.1%
Na-GTP (pH 7.2). Electrodes were connected via a Ag/AgCl wire tobovine serum albumin in DMEM.
an Axopatch 200A amplifier (Axon Instruments, Foster City, CA).To confirm that solitary cells stained by E6-Cy3 did contain TH,
The electrode holder and the headstage were mounted on a piezo-20 E6-Cy3-stained cells and 20 large unlabeled neurons were indi-
electric remote-controlled device attached to a three-dimensionalvidually isolated under visual observation by suction with a micropi-
pette. The content of each micropipette was ejected into separate mechanical micromanipulator (Burleigh Instruments, Fishers, NY).
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The series resistance of the pipettes was in the range of 12±20 Dacey, D.M. (1990). The dopaminergic amacrine cell. J. Comp. Neu-
rol. 301, 461±489.MV and could be compensated up to 80% following electronic
cancellation of capacitative transients. Daw, N.W., Jensen, R.J., and Brunken, W.J. (1990). Rod pathways
Current and voltage outputs from the patch-clamp amplifier were in mammalian retinae. TINS 13, 110±115.
viewed with an oscilloscope (BK Precision, Chicago) or directly on Dearry, A., and Burnside, B. (1986). Dopaminergic regulation of cone
the screen of a Gateway 4DX266 computer attached to the Axopatch retinomotor movement in isolated teleost retinas: I. Induction of
200A amplifier via a DigiData 1200 Interface. The sample frequency cone contraction is mediated by D2 receptors. J. Neurochem. 46,
was 20 Hz for transmitter-gated currents, 50 kHz for voltage-gated 1006±1021.
sodium and potassium currents, and 5 kHz for current-clamp re-
Dearry, A., and Burnside, B. (1989). Light-induced dopamine release
cordings. Whole-cell current±voltage (I±V) relations were con- from teleost retinas acts as a light-adaptive signal to the retinal
structed by ramping the command voltage (100 mV/sec) from a 270 pigment epithelium. J. Neurochem. 53, 870±878.
mV holding potential to 70 mV. Transmitter-activated currents were
De Groote, G., De Waele, P., Van De Voorde, A., De Broe, M., andobtained by subtracting ramps in the presence and absence of the
Fiers, W. (1983). Use of monoclonal antibodies to detect humandrugs. For ramp experiments, the sample frequency was 1 kHz.
placental alkaline phosphatase. Clin. Chem. 29, 115±119.Drugs were applied to single cells in the extracellular bath solution
DeVries, S.H., and Schwartz, E.A. (1989). Modulation of an electricalusing a fast application system (Bormann, 1992), so that the solution
synapse between solitary pairs of catfish horizontal cells by dopa-in the vicinity of the cell, including its processes, could be changed
mine and second messengers. J. Physiol. (London) 414, 351±375.completely within 200±500 ms. GABA (Sigma), glycine (Sigma), and
De Waele, P., De Groote, G., Van De Voorde, A., Fiers, W., Franssen,kainate (Research Biochemicals, Natick, MA) were prepared as 10
J.-D., Herion, P., and Urbain, J. (1982). Isolation and identificationmM stock solutions in the extracellular medium. (2)-Bicuculline
of monoclonal antibodies directed against human placental alkalinemethiodide (Research Biochemicals) and strychnine (Sigma) were
phosphatase. Arch. Int. Physiol. Biochim. Biophys. 90, B21.prepared freshly and added to the GABA and glycine solutions re-
spectively. CNQX (Research Biochemicals) was prepared as a 10 Djamgoz, M.B., and Wagner, H.J. (1992). Localization and function
mM stock solution in dimethylsulphoxide and added to the kainate of dopamine in the adult vertebrate retina. Neurochem. Int. 20,
solution at a 5 mM concentration. The final dimethylsulphoxide con- 139±191.
centration of 0.05% had no effect on kainate-induced membrane Dowling, J.E., and Ehinger, B. (1978). Synaptic organization of the
currents. dopaminergic neurons in the rabbit retina. J. Comp. Neurol. 180,
203±220.
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